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1670 L. Jan  Anton Koster , *  Martijn Kemerink, Martijn M.  Wienk ,  Klará  Maturová , 
 and  René A.  J. Janssen 
 Quantifying Bimolecular Recombination Losses in Organic 
Bulk Heterojunction Solar Cells  The amount of energy that the Earth receives from the Sun is 
enormous and dwarfs all non-renewable resources. [ 1 ] Recent 
developments of solar cells prepared from blends of conjugated 
polymers and fullerene derivatives have lead to signifi cant steps 
forward in device effi ciency, with the current record at 7.4% 
effi ciency. [ 2 ] To enable a further improvement of organic solar 
cell effi ciency a clear and thorough understanding of the funda-
mental processes that occur in organic solar cells is a necessity. 
One of the processes limiting the effi ciency of organic solar 
cells is bimolecular recombination of photogenerated charge 
carriers [ 3–10 ] and in the quest for new high-performance mate-
rials it is important to establish just how many carriers are lost 
through this process. 
 We present a new and straightforward method to quantify 
what fraction of charge carriers recombine bimolecularly under 
operating conditions. This is achieved by accurately measuring 
the intensity dependence of the photocurrent. Our technique 
is much more precise than simply measuring the short-circuit 
current  J sc as a function of intensity  I and easily resolves non-
linear behavior that is obscured in conventional measure-
ments. We fi nd that bimolecular losses can amount to tens of 
percentages under solar illumination while  J sc versus  I seem-
ingly remains linear. This sheds new light on the importance 
of bimolecular recombination at short-circuit conditions. To 
analyze bimolecular recombination losses as a function of light 
intensity we derive a new analytical model for the photocur-
rent generated by a solar cell. It includes drift and diffusion of 
charge carriers as well as bimolecular recombination. By fi tting 
this model to the experimental data of P3HT:PCBM cells, we 
fi nd that the bimolecular recombination constant is suppressed 
relative to the Langevin rate. 
 The experimental technique developed to study the light inten-
sity dependence of the photocurrent is based on measuring the 
differential current density  Δ J induced by a small modulation in © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
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sity  I . This steady-state differential current (SSDC) measure-
ment is carried out by illuminating the solar cell at short-circuit 
with a cw laser (wavelength 532 nm) and a mechanically modu-
lated monochromatic light source of a much smaller intensity 
 Δ I . A lock-in amplifi er is used to pick up the current  Δ J induced 
by the modulated light source. By using a set of neutral density 
fi lters the intensity  I of the cw light incident on the solar cell is 
modifi ed. As a model system a blend of poly(3-hexylthiophene) 
(P3HT) and [6,6]-phenyl C 61 -butyric acid methyl ester (PCBM) 
as electron donor and acceptor respectively, is used. 
 The current-voltage characteristics of these devices under 
simulated AM1.5G (1000 W m  − 2 ) illumination are shown in 
 Figure  1 a. Figure  1 b shows the steady-state differential current 
density  Δ J at short circuit as a function of intensity (average 
of laser and modulated light) for devices annealed at different 
temperatures. No stable signal could be obtained from the as-
cast device, but the annealed devices did yield a stable steady 
state signal. Devices annealed at 100 ° C or more give rise to 
differential current densities that show a plateau at low inten-
sity. At these low intensities, the differential current does not 
depend on light intensity and, hence, we expect bimolecular 
losses to be negligible in this regime. The bimolecular recom-
bination effi ciency ( η BR ) at higher light intensities can there-
fore be quantifi ed by normalizing the data to the plateau value 
( Δ J norm ) as  η BR  = 1 –  Δ J norm . At high intensities they amount to 
several percent, even for the most effi cient devices. It should be 
noted that at approximately 300 W m  − 2 of the monochromatic 
light (532 nm) used here the resulting short-circuit current den-
sity is approximately equal to that obtained for standard solar 
light (AM1.5G) conditions. Hence, this light intensity is repre-
sentative for normal operating conditions. At this light inten-
sity, the losses amount to 2% for the device annealed at 130  ° C, 
increasing to 17% for the device annealed at 100  ° C. The loss in 
differential current obtained in this way represents the total of 
all intensity dependent losses. It does not, however, account for 
any losses that do not depend on intensity, such as geminate 
recombination, charge carrier diffusion, etc. 
 The device annealed at 70  ° C displays a behavior that is quite 
different from the devices annealed at 100 ° C or more. Firstly, 
no plateau is observed and, secondly, the dependence of  Δ J on 
light intensity appears to have a different functional form. It has 
been suggested that the intensity dependence of such devices is 
dominated by space-charge effects. [ 11 ] These factors render a full 
description of this device beyond the scope of the present work. 
 The data in Figure  1 imply that the current generated by 
P3HT:PCBM solar cells is not linearly proportional to inci-













 Figure  2 .  (a) The short-circuit current density of devices annealed at dif-
ferent temperatures as a function of light intensity at 532 nm (symbols) 
for P3HT:PCBM solar cells. Fitting a power law (line,  Equation 1 ) to these 
data yields  α  = 0.945  ± 0.006 (100  ° C), 0.980  ± 0.003 (115  ° C), 0.994  ± 
0.001 (130  ° C). (b) The exponent  α obtained by applying  Equation 2 . The 
dashed line corresponds to light conditions that yield similar photocur-
rent as AM1.5G light. 































 Figure  1 .  (a) Current–voltage characteristics of a set of P3HT:PCBM 
devices annealed at different temperatures under simulated AM1.5G illu-
mination. (b) The differential current density  Δ J as a function of intensity. 
The dashed line corresponds to light conditions that yield similar photo-
current as AM1.5G light. 





































(b)describe the dependence of the short-circuit current density  J SC 








where  α is close to unity, which is taken as indicative of weak 
bimolecular recombination.  [ 12–19 ] In P3HT:PCBM solar cells,  α 
strongly depends on annealing conditions and can deviate sig-
nifi cantly from unity. [ 11 ]   Figure  2 a shows the short-circuit cur-
rent versus intensity for the different devices. Fitting  Equation 1 
to these data yields  α  = 0.994 for the device annealed at 130 ° C 
down to  α  = 0.945 for the device annealed at 100 ° C. Clearly, in 
this procedure, differences between devices are only marginally 
visible. Moreover, a possible intensity dependence of  α , as sug-
gested by Figure  1 b, is neglected. 
 To obtain  α as a function of intensity, one can take the fi rst 
derivative with respect to intensity and get  α from  α  = (d J /d I )
( I / J ). However, this requires knowing the ratio  I / J (and pref-
erably d J /d I ) to great accuracy. This is not easily achieved 
experimentally, leading to rather noisy values of  α . Instead of 
obtaining  α from  Equation 1 by taking the fi rst derivative, we 
take the second derivative with respect to  I . As  α is but a slowly 
varying function of  I , terms containing its derivatives can be 
neglected and one has© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1670–1674 











which yields  α as a function of intensity. To obtain  α from 
 Equation 2 , one can use the data plotted in Figure  1 b and 
approximate d J /d I  ≈  Δ J / Δ I . By differentiating these data once 
and applying  Equation 2 we obtain  α (see Figure  2 b). Again we 
fi nd that higher annealing temperatures lead to higher values 
of  α . However, in contrast to Figure  2 a, the SSDC method 
(Figure  2 b) also yields the intensity dependence of  α . Rather 
than being constant  α decreases with increasing light inten-
sity showing the importance of bimolecular recombination at 
moderate-to-high light intensities. The so-obtained values for 
 α show little noise and small ( < 1%) deviations from unity are 
easily resolved. 
 An analytical model for the current-voltage characteristics of 
solar cells would be a great help when trying to interpret these 
experimental results. Here, we derive a simple closed analytical 
expression for the current density generated by a solar cell 















 Figure  3 .  The (a) exponent  α and (b) loss effi ciency  η BR as obtained from 
numerical simulations (closed symbols) and the analytical model (open 
symbols) for P3HT:PCBM. Parameters are typical for P3HT:PCBM devices 
annealed at 100 ° C (squares) and 130 ° C (circles). The dashed line corre-
sponds to conditions that would correspond to AM1.5G light. 



















(b)bimolecular recombination. Consider a solar cell with charge 
carriers being photogenerated at a rate  G and electrons ( n ) and 
holes ( p ) being extracted at rates  f n and  f p , respectively. The rate 




= G − fnn − (np,  
(3)
 
for electrons and similarly for holes. Here  γ is the bimolecular 
recombination constant. The extraction rates  f n,p can be written 
as the sum of a term describing the drift of carriers and a term 
due to diffusion:
 
fn,p = f diffusionn,p + f driftn,p .  (4) 
 The drift term is estimated as the inverse of the transit time,
 
f driftn, p = 2





where  L is the active layer thickness and  μ n,p are the electron 
and hole mobility. Neglecting space-charge effects, the fi eld 
strength  F is taken as  V / L , with  V the effective voltage drop 
across the active layer. In  Equation 5 L is divided by 2 since, on 
average, charges need to traverse only half of the active layer in 
order to reach an electrode. Similarly, the diffusion contribu-
tion is given by
 









where the Einstein relation has been used. In steady-state, the 














and  n  = ( μ p / μ n ) p . 
 As diffusion of carriers out of the device is bi-directional it 
does not contribute to the current density  J in the external cir-
cuit. Hence, the only contribution to  J stems from drift and one 
has  J  =  qf p drift pL . In this framework, we can defi ne the bimo-
lecular recombination loss effi ciency  η BR as the fraction of car-











where  p is given by  Equation 7 . By assuming that the genera-
tion rate of free carriers  G is proportional to light intensity and 
using  Equation 1 we have
 




 Equations 8 and  9 provide a full description of the intensity 
dependence of the photocurrent generated by an organic solar 
cell. The current approach goes well beyond simple models that 
predict a linear dependence ( α  = 1) of photocurrent on inten-
sity in the absence of bimolecular recombination and  α  = ½ in 
the high intensity regime. [ 20 , 21 ] Equation 9 correctly shows that 
 α  = ½ (1) corresponds to a 100% (0%) effi cient bimolecular © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.comrecombination mechanism. So, provided bimolecular recombi-
nation is the major intensity dependent loss mechanism and 
space-charge effects are not operative, one can now directly 
relate  α to the fraction of charge carriers that are lost due to 
bimolecular recombination. 
 At this point it is important to establish if and when the 
assumption of a uniform electric fi eld is appropriate. Space-
charge effects are predicted to lead to  α  = 0.75.  [ 22 ] To assess 
whether space-charge effects infl uence the intensity depend-
ence for  α  > 0.75 we have performed numerical simulations [ 23 ] 
and compared these with the analytical model. In the numerical 
simulations the Poisson equation and current continuity equa-
tions were solved self-consistently. Generation of free charge 
carriers was assumed to be constant throughout the active layer 
(geminate recombination effects are neglected). The main dif-
ference between both approaches is that the numerical simu-
lations spatially resolve the electric fi eld and carrier densities 
which makes it possible to account for space charge effects. 
Mobilities typical for P3HT:PCBM devices annealed at 100 ° C 
and 130 ° C were used as input parameters. [ 24 ] At high intensi-
ties the numerical model indeed predicts  α close to 0.75 (see 
 Figure  3 a ). As the analytical model does not account for space 
charge, it fails to predict this value of  α correctly. Instead, it pre-












Nto  Equation 9 α  = 0.5 corresponds to 100% effi cient bimo-
lecular recombination. In the numerical simulations this is not 
observed at the intensities studied here because, as space-charge 
effects become important, the internal electric fi eld is adjusted 
such that hole extraction is facilitated. On the other hand, the 
agreement between numerical and analytical results is quite 
good for  α  > 0.75. It is to be expected that this agreement holds 
for other material combinations as well. Figure  3 b shows the 
predicted intensity dependence of the total loss effi ciency  η BR . 
Again, the agreement between analytical and numerical results 
is quite good. These results imply that for  α  > 0.75 the intensity 
dependence of the photocurrent is dominated by bimolecular 
recombination effects and that the analytical model can be used 
to analyze the experimental data in this regime. 
 The dependence of  η BR on light intensity obtained from 
 η BR  = 1 –  Δ J norm is shown in  Figure  4 . As expected, these 
losses are highest for devices annealed at 100 ° C and lowest 
for devices annealed at 130 ° C. At low light intensities,  η BR is 
linearly proportional to light intensity for all devices: If  η BR is 
small the electron and hole densities are approximately linear 
in intensity and it follows from  Equation 8 that  η BR should be 
linear in intensity if  η BR  < < 1. As the losses amount to approxi-
mately 10% or more,  η BR starts to level off.  Equation 9 can also 
be used to calculate  η BR , see Figure  4 . Good agreement between 
both methods is obtained, showing the validity of the current 
approach and  Equation 9 . The latter implies that the measured 
light intensity dependent losses are indeed related to bimo-
lecular recombination. 
 Bimolecular recombination in organic bulk heterojunction 
solar cells has been found to be reduced with respect to the 
Langevin rate: [ 3–8 ]  γ  =  γ pre ( q / ε )( μ n + μ p ), where  γ pre  < < 1. An esti-
mate of the prefactor  γ pre can be obtained by fi tting the data in 
Figure  4 to  Equation 8 . To this end, we take the values of the 
electron and hole mobilities from the literature [ 24 ] and relate the 
generation rate of free carriers  G to light intensity  I as  qGL  =  cI , 
where  c is a constant related to the optical properties of the © 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 1670–1674
 Figure  4 .  Loss effi ciency  η BR  = 1  –  Δ J norm. (closed symbols) for 
P3HT:PCBM devices annealed at different temperatures and fi ts to 
 Equation 8 (lines) using electron and hole mobilities from  [24]:  μ n  = 1.9 
 × 10  − 7 m 2 · V  − 1 · s  − 1 and  μ p  = 3.7  × 10  − 9 m 2 · V  − 1 · s  − 1 ,  μ n  = 2.8  × 10  − 7 m 2 · V  − 1 · s  − 1 
and  μ p  = 8.9  × 10  − 9 m 2 · V  − 1 · s  − 1 , and  μ n  = 3.7  × 10  − 7 m 2 · V  − 1 · s  − 1 and  μ p  = 1.5 
 × 10  − 8 m 2 · V  − 1 · s  − 1 , for devices annealed at 100, 115, and 130  ° C, respec-
tively. The open symbols refer to  η BR obtained by applying  Equation 9 to 
the data in Figure 2b. The dashed line corresponds to light conditions 










Intensity [W m-2]materials used. The voltage across the active layer is estimated 
to be 0.6 V, which is slightly larger than the observed open-cir-
cuit voltage of these devices. Rather good agreement between 
the data and the analytical model was found for recombina-
tion prefactors  γ pre ranging from 0.09 (130 ° C) to 0.3 (100 and 
115 ° C), showing that bimolecular recombination is indeed 
reduced relative to the Langevin rate. Deibel et al. [ 6 ] have 
reported a similar trend. 
 In sum, we have presented a new, accurate and simple 
method for studying the intensity dependence of the photo-
current generated by organic solar cells. It enables the direct 
experimental determination of intensity dependent losses 
and can be generally applied to organic solar cells. Moreover, 
we derived an analytical model to quantitatively relate these 
losses to bimolecular recombination. This model offers a 
direct link between the bimolecular recombination loss effi -
ciency ( η BR ) and the intensity dependence of the short cir-
cuit current as  0BR = " −1 − 1 , where  α is the exponent of the 
intensity ( I ) dependence of the short circuit current  JSC ∝ I"  . 
In the case of P3HT:PCBM these losses can amount to 
17% for devices annealed at 100 ° C under solar illumina-
tion. Additionally, the analytical model affords an estimate 
of the bimolecular recombination constant. We fi nd for 
the P3HT:PCBM system that recombination is suppressed 
relative to the Langevin rate by a factor of three for devices 
annealed at 100  and 115 ° C, and by one order of magnitude 
for devices annealed at 130 ° C. 
 Experimental Section 
 Materials : The materials used were regio-regular poly(3-hexylthiophene) 
(P3HT) (Rieke Metals, molecular weight  M w  = 66 kg mol  − 1 , polydispersity 
index 2.1) and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) from H.C. Starck Clevios GmbH (Clevios P VPAI 4083). 
PCBM was purchased from Solenne b.v. 
 Sample preparation : For photovoltaic device preparation, cleaned 
indium tin oxide (ITO) covered glass substrates, with an active area 
ranging from 0.1–1.0 cm 2 , were covered with a 50 nm thick layer of 
PEDOT:PSS by spin casting in ambient conditions. The active layer, 
consisting of P3HT and PCBM (1:1 by weight), was spin cast from a 
chlorobenzene solution (15 mg mL  − 1 ). A 1 nm thick layer of lithium 
fl uoride (LiF) and a 100 nm thick aluminum layer were deposited by 
thermal evaporation under vacuum ( < 10  − 6 mbar). Current-voltage 
characteristics were recorded with a computer controlled Keithley 2400 
source meter under a nitrogen atmosphere. Film thicknesses were 
measured with a Dektak 150 stylus profi ler (Veeco). Simulated solar 
light ( ∼ 1000 W m  − 2 ) from a tungsten-halogen lamp fi ltered by a Schott 
GG385 UV fi lter and a Hoya LB120 daylight fi lter was used to illuminate 
the devices. 
 SSDC Measurements : A 532 nm cw laser is used to illuminate 
the solar cell under investigation. With a lens the beam is spread to 
ensure the device is illuminated by a uniform intensity profi le. A set of 
12 neutral density fi lters is used to modify the intensity of this beam. 
The white light of a 12 V halogen lamp is modulated with a mechanical 
chopper and passed through a monochromator set to 532 nm. A 
lock-in amplifi er is used to measure the differential current density  Δ J 
by measuring the voltage across a 50 Ohm resistance. A calibrated 
silicon photodiode is used to measure the light intensity. During the 
measurements the sample was kept in a nitrogen fi lled sample holder. 
To verify that the measured  Δ J corresponds to steady-state conditions 
the modulation frequency is varied from 40 to 240 Hz. No change 
in signal was observed and the chopper was set to 170 Hz for the 
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